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Electrochemical Parameterization of Metal Complex Redox Potentiszls, using the
Ruthenium(IIl)/Ruthenium(II) Couple t ' i
By A.B.P.Lever

Dept. of Chemistry, York University, Morth York (Torontod, ikitaric, Canada M27 i9:

Abstract

purpose to the .
defined as 179 that of the Ra(IlI)/Ru(ll) potential for species Fule ir
arcetoritrile. The Er(lL) values for over 270 ligands are presented and the

model i3 tested over a wide range of coordination complexes and crgancmetalliic

species. The redox potential of a M(n)/M{n-1) couple 1s defined to te equa.l
01— Eeale = FIZEL(L)] + 2. The values of f and C, which are tabulated,
depend u2pon the metal and redex couple, and upon spin state and
stereochemistry, but, in organic solivents, are generally insensitive to the
net charge of the species. Consideration is given to synergism. the potentials
of isomeric species, and the situations where the ligand additivity model is
expected to fail. In this initial study, the redcx ccuples are restricted
almost exclusively to those involving the loss or addition of an electron to
the tzg (in On) sub-level.
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Introduction

In the mid 1870s there appeared a series of papers dealing with the
of ~orrelating electrochemical (nxidartizn) potentizls with HCMO energies
substitutinn effects.

Treichel and co-workers 1.2 demenstrated that in a seriss ~f manganss
tzccyanide derivatives successive repiacement of CC by MeCN raised the oxi
Raif-potentizls potentials by 0.5V per ligand substituted. Jarapo ard ‘e.s
further showed that these changes in half-potentials upon ligand sut:tlbutlon Wer

linearly ~orrelated with the HOMC enesrgy frmm whizh orbital oxidation ccour
raloaiated By the non-empirical Ferske-Hall MO analysis. Parallel studies by Pizas
and Pleatcher 4.5 alzo with geners’ _umpleX¢s of the type [M(TO)e-nlr ¥+ lead “hzm -
inTroduce the eguation:

E.oox: = A+ nmidEednis + Cy (

wheres dEe/dn is the change in potential upon replacement of n2C by n ligands, E¢x-
is the metal cxidation potential and A and C are rconstants.

Tris relationship does not permilt a distinction to be made between isomeric
pairs of complexes such as cis and trans-ML4elL 'z and this led to the development of
rather mcre complex relationships which, in the case of the carbonyl complexes were
ralated to how many of the metal dn orbitals overlapped carbonyl w* orbitals.S.7.
This area has recently been reviewed 8.

Subsequently, there have been a relatively small number of papers®-15 which
have developed these equations and utilised ligand parameters, Pi, where PrL =
dEesdn initially being defined ¢ as:-

P = Eo 2[Cr(C0'a] - E1/2[Cri{C0)YsL] (29
There has not been widespread use >f this approach since Pr values are knecwn Jor
relatively few ligands. Jts lack of '1se may alsc be because it was szeen to be of
valie to crgasncmetallic chemistry, rather than to cocrdinaticn chemistry in gen=r=i
However, the common tasis of this approach is the concept that electrochem:ioal
potentials are additive with respect to ligand substitution, at least with respect no
subsitituted metal carbonyls. In this paper we explore the premise that this is in

fact a very general observation, commcn to both corganometallic and coordination
~hemistry. Indeed we demonstrate that, for a wide range of different complexes.

electrocheminal potentials are additive with respect to ligand variation and we
discuss well defined and predictable situations where this is not the case.

Assuming ligand additivity to be widely Jjustifiable., the intent is to define =

icand electrochemical parameter which, in the fashion that Dg defines the crystal
ield electronic spectrum of 2 metal complex, would permit the definition of the
redox erergies of a metal complex.

An important implication of such a parameter is the conclusion that = .
would behave in the same relative way tc many metal redox couples, be the ligands
rard or soft, and this observation would require some rethinking of our chemical
Fonding moddels and ooncepts.

we introduce an electrochemicrz2]l standard based upon the charge in the
ratheromd II2 0 /rutheniumd I couple in organic sclvent Jusually acetonitriis | 33 -
mesion of boond ligand. A new set of ligand parameters, Er, are propessd whi-r
yvee Troad v ilizati 31 aeross both organometallic and cosrdinaticn chemistry, wish
13 aes o over G ligands telng onrrently definesd here.
Freyiosly rthere have been many studies relsting e-e?txvaom C S
~1liz range of othe C

=r oroperties such zz charge transfer trans
chor = lorsron Dinding ererdgises, Kinstic paramebsrs, and nany d‘*‘e
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vitrational freguencies, such as 0, Nz and M-H streteohing fracuenciss, er:
the Ein parameter has the promise of wide appliliecability. A preliminary repor
method has been made 8. Haga and ~o-workers 17 nhave recentLy noted the addi
ligand contributions to ruthenium(ILl;/ rubﬁertqm(LI> porertials in some mix
tidentate amine ruthenium complexes, while, earlier, Tfounl and WOrKers 1
fimiiar oehzviour For some ruthenium compléexes in ajueous medium

Data ars restristad to slectrochemisally reversible or. at =g
qasi-raversible redox couples involving the metal ion. M /Min-1
caper rafer almost exclusive.y to redox processes coourring d;thln
weakly m-bonding {or anti-bonding) tzg (in octahcedral) sib-=etv.

This preocedure should he used with caution in situations whers;

extraordinary synergistic interactions between metal and ligand.
~r2 significantly solvent dependent because of a special solvent
strong covalent interaction ieads ©o ‘non-innocant” behavior, or nin-:

plex, in eizher oxidaticn state M) or Min-1;, =say MLxYy repends ug
ooncenfration uf LoryY, e.g. where L and/or Y are solvolysed rapidly, or

i =

Ligands are ﬁreopn- e.g. NO, d) eguilibria are present such that the potent:
s h
o

vy

im. 2f 9
e DuLK

wnere, L.or

examgle, a supporting electrolvte ion, X~ might displace L or T, or in general any

praeceding or following coupied ~hemical reaction which significantly changes

the

inner shell envircnment of the metal ion in either oxidation state, =) the additivity

contribution of a bulky ligand depends upon possible steric interactions wit
~o-ligands and £ for exampie the hole size in a macrocycle 1s fixed and the
will be an important factor in Jdetermining the metal ligand binding erergy,
metai may be in or out of the plane. While exercising caution in this respe

h cther
refors
e.g. the

ct the

deviatior. of the observed from calculated potential may provide usetul energy

nformation ~onecerning, for sxample. 3ynergism or non-innacence etc,
fedox couples involving ligand processes are niot included tat there iz
that thece are relared to metal couples 19 so that these may uitimately be 1

Fyxperipental

All e =lectrochemical data discussed here, drawn from the previsesz L

A5 BLDTIET

s d: e trodes (SCE, SZCE, AgCl/Ag etec. ) weres used the date
) Bard and Faulkner.2Y9, Many authcors added ferroc

re =i their electrochemical cell. To correct to NHE, t}
coupls I3 assumed to Lie at .88V vs NHE in acetonitrile. €1

Results and Discussion

A standard Electrochemical Data Set
A standard parameter set should: -
i} He tased upon a single standard redox process of a metal enter,
i be available for a very wi 19 rangz of compounds by variation of 1
iil) be electrochemically reversibie or guasi-reversible,
vy ke relatively SOlVPnu and Juppﬁrflng electroliyte independent.

P
E RN

ig
-

v

2rEznic solvents and

vi. e largely independent of isomerism (cis/trans, mer/fac =
The zet of compounds [RulhpyinX(s-2n> ¥t (n=)-3), (bpy =

Tomay sent menodentate or polydertate ligands. meet coriteria (i-vi
e | an extracrdinarily large number are known, '9.22.23 T
R trom wh 1g8zrd BArane wuﬂlj = derivem.
rac

vy

iately referenced in the Appendilx, are mited against NHE. Where otrs

have potzntials which are largely independert »f the net charge on the moic

Toraled
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cocurs at 1,53V vs W averags =
Since this complex i1ins =ix ide
2.;'—bipyridine was - ._rshtod !' 1+

for L‘gﬂnu L, Bn(L}, was derlved Y
Fopa{RIIT il = oo % G250 +

In Zeners. one may rhave Jdata

rroviding rwo indegerndent evaluations
5 Sy vailable, -

P - - N ~
Vaizes Sor Suls, whers

Adel 1 the Tata ge

i
Zabhgeque Voreeeyel <. Tne ri
Rudl : JIy couples in g range o
. 2,2 -bipyridine
lly, several values for En{l’ for a given ligsnd were Jdet
ul ! IIY couples of the gereral comp cexes “u¥xYyZz, assurming
for X, Y arid 2. The averages of these values (which usually do ot
*han 20aV: are listed, for a large range of ligands, in Table 1. Ligs
larger varistions Yrom one comglex to o another, are indicated bty !
are discussed i omore detail below.
Thus Yor [KuXkTyZz., the ralrulated potential, Seceic, o0 2ietoniltrio—~ o000

“te Ei(L: datz precented in Tabls 1. iz Ziven Ly:-
Brai- 2 X ¥ Eo X+ vy + BEL0Yy + 2z 4 BEp(C 43

N Autois - TZELY o in atbreviation: 4t

The extent <o which ligang =2ddi-ivity is valid irn »ithe
in ¥ig.l. where the observed versus caloulated potentials ¢
rutrenium complexes (which were not inciuded in the tasis s

re Tl IIT/RU(IT ) couples are also gener
= lvorts are concerned, though with some th 13 o

sible, data recorded in acetonitrile, a very ~ommon electrochemial solvent. are
ei. ‘The actual calculated mnd observed values for thesp and all k
yed data are collected in the Appendix. Ideally the best 2 g
set shoutd have a slope of anity and pass through the origir.. In fa-t o=
~iwn of the heg* line 1s [ Tabtle= 2):-

incl a
“ispiayed. Supporting electrolyte etfects are generally smal
. - |
t

¢

W
@

Mrreover,

! e RS T
Ay L1ttt e

“he bserved redox potenti
bera data wers oollacted from the literature. Erroneous data may beeve Teen
reportad of inwdegiats care had bteer taken concerning the purit




zf solvents, the electrochem: =
arvi the fact that where organic =0
iead to appreciable iR drop therehy
sntlals. Morecver data
:nf‘“ﬁlng NHE, ZTE. O

GnCtLon pon

. Hﬂuhlj, w
The given by
Leoomot e .o e AT wo= 0GR F
TLro 1T Lig=Rnds
oy .

Thiz ocorrvelstion is used to derive valuss ot KL where the ©p vzlue 1s Known
whore there are no apcrocriate ruthenium ~orpliexes from whicrh to derive Eo. Such
ax b

=
vaLies are annotaten asx FFLT in Table 1.

"

’ialS mf m "y ruf“anium mmplexes haye qlgg Deer

Yy

A zvraight lire correlation is ctserved for the large et F net -0 charges
- E-‘ r,:‘( -
Yovz Nliag - 1.4 L:EL' - .25 Vv R = " T
The correlation line char 3 ‘ : LT
Tuhle 2, ooth regression and stan rror data are Inoluded. KRR S Sl S
e values of sleoes and inter : L : : . Dooamnee
"1+ 3pecies are also plotted in 1g. 1 and appear, .l
" 1mn A small group .f complexes of et s

infray., In general,
N3 Commen organ i
Clgands, ruthenium
I tnese

I Jannotated

vr
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species MXwYyZe. agalnst those o=l
here as an E. plet. Least sguares 3
vislds the equation: -
Eove = filacwriier 4+
- FliELl + C (e

=0 derive T oand O for che spe-ific zouple Mxn:,N<ﬁ—l) in the speoies MCV..2

For any giver Min: Min-1) ~maple, ALL complexes >f gilven sterecchemiztoy o
Jpin state, should fall on the same correlaticn line, 1.e. have the same 2. p= I ol
interoept O Using the Fe(lli)/Ye(ll) coupls, by way of example., 72ne sxpeons L=t
2.l speciss where the Fellll) -complex i1s six coordinate and low spin, and e LI
complex 1s six ooordinzte and low spin, will fall on the sumes correlation Line.
However species where, for example, both the iron oxidation states form high spin =ix
cocrdinate complexes will generally have a different value for £ and than for the
afrresaid line. Similarly if the Fe{Ill: speciss 1s low spin, but the Fe(lII) speciss
is high sprin, yet another ccrrelation line may be generated.

Thus for each oxidation state couple M(n)/M(n-1), a series of zorrelations may
exist if there is variab:lity in sterecchemistry and/cor spin state. This follows

Lesause she obzerved redox potential 1s a measure of the relative binding constants
for the ligands with M(r) znd with M(n-1), and such binding constants will generally
Jepend ipon both stereochemistry and spin state.

couple), whers ¢ iz

shows an exeellent correlation (Fig 20 indeed

i

Consider first a series of osmium complexes (Os(I11)/0Os{II)
rof SUrpris 1qg that an EL plot

reen previous'y demonstrated that the corresponding potentials for analozous
aeleniam 113 and osmium( 1) spe~ies are linearly related.24 There is also 3 g0l
~errelation for agqueous phase osmium(III Y/osmium(Il} data (Fig 3). Tat 2 1 Includes =
few rigands derived from osmium data and the appropriate correlati line (Takle .-,
where such data were not avaiiable from ruthenium species. They are annotatpﬂ Ls
The Eu plot for the Cr(ILlwCr(ll) data set (low spin Cr(Il) showm in Fig. 4
L‘*ustrates a comparison of the cbserved Tr¢IiZ)/Cr(Il: couples for a variety ot
Fromium complexes, 1n organic solvents, with a notation indicating their net charge
o8 *he lower oxidation state specles here and henceforth). The reasonable lirear:it
=t +his piot shows that these chromium data are fairly well behaved vis-a-vi
wirlitivity. Note that the (+2 ¢0) and (-} species all lie on the same 113
thin the relative unimportance of net charge is demonstrated. Fig.4 aisc sho
~rrrespending organic solvent data for hignh spin chrominm(Il» species. (char
+i, +2)) with the slope and intercept differing from those of the low spin s
In water solvent (Fig.5), an =xcellent line is observed for al. the low

~hr-micm’ [I) net charge (2+) species; the [Cr/CN)sgl4- species also lies

“heugh this is rather nnexpected and may be & ctuitous {(ses tfurther comment
Similar data are observed with iron. Fig 8 shows how the Fer ITIY/Fe( 71
Lotertinl, 33 measured in oan crganic solvent, of 3 series of six crordinate Iroan D
rumplexes (lew spin Fe(ll) and Fe(IlIY! depends upon their En sum. Thers 1s <losiiv =
Lireear correlation independsnt of charge. Thus for the (LOFe(ITINA L2 P 11
iDL lr trated in Fig.5. the ieast sguares equation is:-
T T T S 8 DR B 0 S N Ve LA
This equation shoold be appropriate for ALL (ron complexes nooroany s ooio&
praritted that beth the irond il and irep 1110 conplexes are low opin o b iyl
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generally excluding situations as detired in the Introduction. 2ix coorilrat
spin complexes (Fe(III)/Fe(II) couple. both high spin) 1n irze.ic 36 lV'ﬂus, e .
po*tenitials which fall on a different line (Fig.£)».73.30 Thus these twe lines Tar ..
<) should provide the means of predicting the te(LIl)/Fe(llﬂ potentlels Yor mowr tlix
coordinate iron complexes, in organilo sclvents.

Iro water Fig “y =ome (low spin Fe(lD),Fe(IIl)) charged zpecies 1Bl
“hofall oonoa ine which i3 apparsntly defined by a group of o +20
Species and the pange of [Fe(Nis(R-Fy1]3- zrecies {vide infrz:. o :
harge fall somewhat off this line but, as in the chromiam plat o F:
FeNm LR spedies sppesrs o Pall on the main line.
o suecn relationships for, N
rvolving the fﬂg set in On: ail
and cocrdination number and
in Yige V-1 zre shown data sets for a variety of other cnuples ranging from
“laszical six coordinate coordinatien complexes of ircn, chromiom. rutrenium.
i i ichium and tantalum, to crganometallic derivatives containin
en, phcsphines, ete. Some five coordinates species are alzo
no doubt that these plots are generally 1in°ar ard that ligand

y demonstrated over a very wide range of complex

Isomers: -
mithenium data set, cis/trans, mer/fac isomers etc usially nave
>3eant il same potential and indeed, for many such pairs of coordinatiop
cumplex isomers for other revdiox couples, there is littlie dirference in potent
though there are certainly a few exceprions.
Thos iz not gehermlly true for organometallic species wher
e 00 SOV We follow hers the method of Treichel and Bukste
Trrelt o Yoo vl HDHC apergy of a carbonyl complex in terms of
' srivita:s which interact with the HOMO. Thus for a
italas  degenerate HOMO interact with 4 CO o 2rbi
spcies, the tog splits to place xy (HOMO)Y abave
Cilized by U CO wr oand xz.yz is stabilised by 2000
: is-MLar T2 xz,yz (1 7* interachtion) lLies above xv (2 w* ir
- moment, we ignore the possible stabdilisation of the d orbizals by
non-oartony: ligands. Since such stabilisation of the HOMO is proportionzl oo the
aumber of 20 groups bonded thereto and the relevant potential iz proportio :
HOMO energy 2.8, cone may introduce a variable x such that for the carbonvl spesi=s
aler disoussion, egn.(8) 1s replaced by:-

[

[

Eoee = FLZEL] + C + mx C10D

wher= m - b, oand 1 respectively for the hexacarbtonyl., trans and -is dicarboryl. Witk
" rions for other isomeric species (shown in Table 3).

catre ]l omplexes Froguently have higher potentials than those dirsct
deroyend tfrom osgqn. 3. This suggests that isonitrile ligands also strongly o

et f Vit A orbiitsls, They may also be inewled in th.‘lﬁw by oadding tn
criergy varliatooe oy modified Ly the nnmber of isonitrile ligands, m whicn inter.
Vice oy with vhe HOMO cpbita o cegn o D10 -

}‘rd s :‘L + L LS 0. G (] Y f\‘l
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Values for m and m’, for mixed carbonyl!-isonitrile specivs

First, Fig.7 (upper) shows :data trr the Mnt Il Mnel) couple
carbonyl derivatives following »qn.¢ 2 =nd hencs uncorrected For
or for enhanced iscnitrite bonding. Two linear ~orrel=sticns are &vi
scnttriles being hadly secattered but the carbenyl being reasonably

i
for oy, looegn. 1Y was derived from (Mo CNRYsi+:  for each &, yik.
YyORY = 1diobe. potential - calo. potentisl using =g 1Yy (m=C, m =4
C1an
using the valae of y(Me)., an initial value nr X t=qgr.f 1l was -
observed potential tor (Mne20Ms(ONE I+ (=2 ,m =1, These “w.
v eqr. (.Y to re-ralculate all the manganpdp dafa according o
t was improved by allowing v to vary to a3 best fit (least squares

mangarese complexe:s with given UNR, resiulting in a final value of yfR)Y sli *h‘

A1t ferent from that calculated via =2qn.(1Z). Energy variable  was a.ss varied tg 5
best rit nver all the ecarbonyl complexes. The result is also shown in Fig.7 (lower:
wher~ *he improvement 1s dramabtic. Importantly, the tinal lire upon which all the
comp lexess lie 1s essentially that of the carbonyl complexes in the uncorrected
versicn snown in Fig.7, within experimental error. Such —orrecticns {(&gn.(11)) add
some complexity to the analysis. They can be ignored with the higher oxidation state
sceclies. ignoring them with carbonyl., non-isonitrile data leads to some scatter but
reiatively acourate data can be obtained nevertheless. It would be prudent to include
these corractions where isonitriles are concerned (vide infra). Values of x and y are
shown in Table 3. Corrections have not been made for other 1igands.

It iz notewerthy that there is a reasonable linear correlation for these
~arbonyl deri vatLves and for the chromium and molybdenum species shown in Fig.o. Tie
scatter is semewhat larger than observed in the non-carbonyl chromium, iron and
osmium o . seta in part because of the lack of correction for specifin
cnon-esrbornyl)y ligand interacticons with the n-d electrons but probably mostly as =
remilt oY the synergistic interachions which take place within these species

1 T 4 . e .
Inormplete Lata Seus

Wtern B ovalues for all ligands in a complex are known, 13 calculated poatens i
nay te derived from the regression lire where available (Qqns, (4,23). However., tne
method may also be used for generilc zeries of complexes when the EL value Far =
spetific ligand is not available. Consider, PYor example, a set of complexes MLaXY,
tor which K (l,) is unavailable but EL(X) and En(Y) are known. We require:-

Fera = £l4 % EL(L) + En(X) + EL(Y)} + O L1
An experimental slope and intercept may Se derived from

Eorna = £ TELCX) + BEo(Y))] + C 14

Hrwsyer 134 may 0= rewritten:-

Bevea = FIE Ky + FEue?y] + 4fFEi Ly + C (18

Herio— } £ oand 7 2 T 4+ AFE;L L cleh

Lroe key chgervat ton 1S theat Por 3 generis series of complexe 1oh & st

in his oare Mla, the shope o f the corrsiqt ion will e the 2ot hAt 1 -
gl vt Mo b been Koown, Thas o the glope o ode e bt iT
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indeterminate. For a specific group ot complexes of M, of <Liven structure, =
correlation line may already have btesn derived. IF the gensric set of .om;lpx.r
belong to the sume structural type and if the slope 15 the same as that previcazly
deduced, then one might conclude that these -~umplexes must lie on tne same lire
rerice © 1s known and Eo(L) may be Jderived.

Consider, Yor example. the series of complexes Se(OMG -BF2 XY, (FelMi-EFo =
Fisp(diriuorobory: Jdimethyiglyoximatejiron ;3 whers a diresct valie for Eo DMG-BF2,
iz unavaiilable. A plot of egn.(1d) yields a straight line of slope 1.08. These
ComElexes . grrbably\ belong to the same sterecchemistiry ard spin state grougp oo

CFe{bpy a]2r and indead display =ssentially the same slope. They sre srown plotted
in F1g . € using z value of C which gives the best fit to this line. Frem thiz val -
Sf 7L one may Jderive Eo(DMG-BFz)y = .22V

While it iz obvicas that the Eo(l) value far an unknowr ligano ~coualid be der e
by fiteing 1 electrochemimal darum o a ~orrelaticn line, orne may, in generw;. ros
know which correlation line to use, leading to ambiguity in the ErL(L) value. The hev
proposition here (s rhat one may study a group of related complexss all containing
the same unkncwn core ligand, and use the resulting zlope to infeor the corrent
orrelaticon line and hence spin state and stereochemistry.

Significance of Slope and Intercept

Slope:- The potential of a given redox couple reflects the relative binding
strength of the two oxidation states to the ligand concerned, the more positive the
pctantial, the more strongly binding being the lower oxidation state. This is clearly

geen in the free energy correlation shown in the following simplified scheme:-
K3 MCIII)X + I <=zzzz== MCIIIDL + X
EolX) == e~ Eo(L)
Kz MOITOX + L v==zo==x M(IIML + X
where: -
E=(L) - E=(X) = (RT/nF)1In(K2/K1)

A slope of unity for correiation of a specific M(n)/M(n-1) couple with )
indicates that the binding of M(n) to a set of ligands, relative o M{n-1) iz <he
same as for the Ru(III)/Ru{ll) couple. A sliope exceeding unity shows a greater
sensitivity of the metal core towards the ligand, i.e. a greater degree cf
polarisation by the ligand or, in other words, stabilisaticn of the lower oxidation
sta*te 1s increasingly favoured with increasing Ein, relative to Rucil;.

It iz surprising how many slopes are close to unity though this may pessibl
fortuitous given the relatively small number of data sets whichk have been proc

tn date, and the fact that all but one involve the teog (in Or) orbitals. [t iz
surprising that both m-acids and n-donors tend ro fall on “he same line, {cor Ziv
structural type, even though one expects them to bind in differing relative de
to the lower and higher oxidation states.

There are few data sete yet available for different oxidation states ot the oo
me' 3 ion. Nevertheless one can expect that the slope will vary with the couple
invelved Y only because of the changing degree of 3 and 1-bonding which will -

For example a low 3pin d5/48 fﬁupl_ where the lowsr rx1pat1ﬂn State speclies 1o
tapiliee) by T-scido through back deonation should yield 2 fPPren slope (Srente
shar tle correzponding 4438 where the extent of 1-back donatljn in the 4% lor owei o

he great iy veduoed relative to that in the d8 ien. [ the case of niotium where
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n-bonding is not likely significant. both the Nb(V)I /Nb(IV) and No(IV/Nb(II!l: reonpie-s
have the same slope. However many more data are clearly necessary before th.s o
usetfully be discussed.

Intercept:- The value of the intercept C is determined by 2 number -
contribut ions. Thus +he potential might be written:-

Ecbs = a + nb + ¢ + fLIEL] (17>

(always positive) is defined as the M(n)/M(n-1) Ionisation energy 1in the 25
e variable b {always rnegative’ may then be defired in = rashi i 3
rical electrostatic term in ligand field theory raising sll the ensr
same qegree determined by n, the number of ligands and arising -
repuision between ligand lone pair and metal 1 electrons. Variskle ¢
v vkher depends upon the reference electrode and upon the ditfference ir
. rnergies of M(n) and Min-1); thus C = atnb+ec.
The sum arnbre ig defined 3s zero for a basis set of ratherium complexes in
gertonitrile, versus NHE. Since essentially all six coordinate Ru(III/(II) couples,
in acetonitrile, fall on the same line and given that charge appears not to be an
important factor {(c is constant) we might conclude that b is a constant for that set
of complexes and therefore, for a given oxidation state, does not significantly
depend upon the nature of the ligand. The discrimination of the ligand is then all
contained within [3ErL] and provides the linearity which would not otherwise be
observed, 1.e. if b did vary significantly with ligand, a linear plot would not bLe
choerved (unless the variation itself is a linear function of some property of the
ligand). The

= U
(@)
nw T on
n rt T
N T
e e & \T’
s 7Y
- (T

b
\D D%

value of b will vary with differert metals and vary with different
oxidation stztes of the same metal. The variation in a, with oxidation “ouple, makes
3 major contribution 2o the magnitude of the intercept, especially to the larger
negative values derived for low oxidation state couples.
Further Comments on Charge Effects and Solvation
Charge =ffects wiil reveal themselves in comparisons of aguecus with >rganic
solvent datza. While the Ru(III)/Ru(lI) couple for net charge (2+) species in water

fag roughly the same slope (1.14) as that (defined as unity) in organic ‘PLVPit.

that =¥ the Os(LILD)/Os(II) couple in water is 1.61 for the net charge {2+ speci
Unfortunately there are insufficient data to define the slopes for cther net ch.r
species. However the marked variation in the osmium slope for organic to aguecus
solvent does reveal that the redox dependence on solvent is not confired to the
intercept; the slope is also influenced by the sclvent. It i3 true that both the
rithenium and osmium water data sets presented here are dominated by polyammine
spenies (see Appendix) which may interact with water in a different fashion from
specles such as [M(terpy)sa]2+. Nevertheless the ammine and non-ammine ¢ nmple‘éf A
appear bt lie on essentially the same line; 1if the smuine complexes of ruthenium or

gl

smium are considered alone the slope 1ncr°ases only slightly (1,23 for ruthenium.

i

340 r—

Jo

-

1

.78 for csmicm). This may not be significant given the scatter in the water data.
That the slope in wWwater 1s higher, is an intriguing new observatiorn likely i
ty geyera) factors including a modification of the M-L bond by ocuter sphere
nte ver:!, interactions and by Pn*ropy changes due to modificaticns in aolvern:

cwaber Lrachure by the rharged species. 27.28

mirely significant that, in Fig.b, the [F=(1I)Ls12* type specles [i=
i 3 the [FeNisl i3 JPECLeb4 Eoth the aolvatiorn enthalpy oo,
2gsation, aned Doilvation =ntropy are tunctions of charge squared . ¥7 Jpe ol :
in anlva,-wr free energy for the Min) and Min-1> redox Teve] o
tion to ¢ and lie on the same line, this iz oo o

the anmes L7 aven e

Fl
Wl ld mme- e sane

_
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th- case here since (3+)2 - (Z+:2 = (J-12 - -2
Other Coordination Numbers:-

One can anticipate that a set of six ~ocordinate soecies, which for exomple, Do:s
a ligand npon reduction to form Pive courlinste speclss, Wwill Zenerats 3 Separshe
~orretation line from those where llgara 1omE doee ot ocour Following ~qn.c 2 tre
RUCIIIY/RudIly patentisl for a g coordinste Rulg species, in acetonitriole. might b=
written:-
Ecwba(Rulgy) = a + gb + ¢ + gkL 150
15 we suppose that ~he numerical magni-<udes of a,b,c zre approx.mstely the szme 3o
Yor the six coordinate species (a Wwill be identical} and recall thart for 4 o x
falalats dL ate ruthenium specoies (RufITL/Ka{Il:) a + 5b + ¢ = 3, then it foliows thav -
EomayRulg) = gqFL - (8-4)b 19)

Thus the EL values derived from six coordinate species cannot be directly used, with
2qn.{8Y, for cther coordination numbers since they have effectively been modified oy
a contribution from the spherical term. However since b is assumed roughly constant
for all ligands for a given redox process, we can expect other coordination numbers
still to yield straight line correlations with ZEL following equn. (8. The intercep:
will contain the term -(B-g)b {(which is positive) and the potential will be more
positive than for the corresponding MLs species. In principle this provides a useful
method to evaluate b; <iraight line correlations are indeed cobserved with ths
MCTIDY/MCIIY couple in Fe(TPPYX, Fe(OEF)YX and Mn(TPP}X (Table 2Z2) Fig.13;.

The Electrochemical Series of Ligands.

The existence of this additivity provides a ligand sequence which
analogous to the spectrochemical series of g in that all ligands behave reiarsv
the same way towards all metal ions. ‘'his sequence may be abbreviated in%o range-
which however certainly overlap and should be regarded only as a guide fo estimat
the B values of ligsnds which do not appear in Table 1.

iz direc

EL .83 ---—> 0 (¥

OH-, most X~ ions, including $ anions, strong n-base

Eo 0 ———— > 0.1 (W)

Saturated amines falling into a fairly narrow range, weakly m-acid unsaturated
amines.

EL 0.1 -—-- > 0.40 (V)

Unsaturated amines of stronger n-acid charascter, pyridines. btipyridines

et

Eo Q.30 ~-—=~ > 0.40 (V)

Hard thicethers, nitriles, scofter phosphines.

Eo .35 ——---> 0.50 (V)

Tsonitriles, harder phosphines, arsine, stibtines. softer phozphites.

U Sﬂ ————— g ﬂn
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Er. 0.85 -—--- > 0.75 (V)
Dinitrogen, nitrites.

¥ 0.70 ——--- > 0.95 (V)
Fositively charged ligands, m-acid olefins

hoy P A
oL sod v
N .

CO {039 most positive member)

The relztive Er vaines reflect avallabilty of charge for denation to the metal @on
snid have littls oonnection with the spectroscopic [g values where, or exompl=,
oyaride and os monoxide ars sloze toegether in Ug value. Indeed heing derived &rop
the Ry , s begb/reg® couple, 1t is not surprising thet they fali in a
sequence largely Jdetermired by thelr n-bonding or nw-anti-honding benavioor
LESS We

14 -Fehaved %ystems - UNR, N, Water, DMSO, Hydride and Ma-rocyclic Comg
2 si le extent to which llgand Aistzvzty provides a viable me
setimate radox pot nr:als wtnxi seem to throw a2way’ a lot of chemistry and reduce
redox wehavioar to the summation of 3 series of non-interacting M-1L fragments.

Irdeed for 2 wide range of ligands and metal redox couples this appears tc be roughly
true degplite variation of w-3cid or n-basic character in both metal and ligand. This
13 an un=xpected result which does not appear to have been previcusly recognised.
Sclvation shenomena also appear only Lo play a small role in determining redox
eriergies provided that specific solvent-solute interactions are absent. Those
complexes which do not fit thelr apparent correlation line should be congidered in
sume depth. If one ~an exclude trivial explanations such as 1mpnrtant conuplod
proceding or following chemilcal reactions, then the faillure may arise for cogent
>h9m1csi bonding rezsons.

Carbonyl specles generally {1t rather well even where the specific
corrections sre 1gnored. Inclusions of these isomer corrections show st
of the order of 0.1 - 0.15 eV per C0-d orbital interaction. However i+
that the Fr.(: vslue itself actually rcontains within it some stabiliss
and should, in fact, be a little smzlier if used with = metal lon in whic
no w hsok-bonding if such 1s possible. Thus the value may be a little inflated
explaining why it falls off the PPLC correlation (Fig.2).

Isanitriles are a very special case which deserve more comment. Considerin
CNMe, an EoiCNMe) value of 0.55V is derived from [Ru(bpy)o(CNMe)2]2+ 32, However
isonitrile ErL values derived from correlation with the Pickett/Pletcher ligand
parameters yield values around 0.4 (Apperdix). A similar but smaller, distincticn iz
sesn with the carbonyl ligand. The best fit for thP manganese isonitrile dats shown

in Fig.7, was obtained by assuming a value of ca. 0.37V for each CNMe plus a
rorrectjon of 0.19V for each CNMe bound to the HOMO orbitai (isomer correctlion:. The
ligand CNPh required a larger correction, 0.31V (Table 3). Other metal isonitrils
species were fitted in a similar manner. It is particularly relevant that <he
trivalent and non-hackdonating d2® [Cr(CNR)g]3* species could be fitted with the liwer
ELOZNR: values (wa J.37) without a correction for the number of m-boniing isonitrii
groupe, while the low spin 0% [Fe(CNMe)s]2+ 33 3nd related species did
require such correction (ca U.10 (V)/n-bonding CNMe (Tabie 5)), as did
CRuCCNMe s ]2+ which shows no Ru(Ii1)/Ru(ll) redox prccess below 3.2V (vs
NHE 33 fqnd therefore requires a large correction). The validity of this

aprreo n iz inferred from the excellent regressicn fits obtained from 3
larde h dy ot data

The variation in EL{CNR) may be related te the fact that the lzonitrile 20 o
mety be linesr or bent 34-36 The lirear isonitrile parallels carbonyl in t3 b inis
Tre hent Soonitric- will ocour 1n situations where there 1g extensive back Jdone
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The latter case may be exemplirfied by mixing of both M(O)(CNR> and M(I}:CNR(1-:, 33
might be inferred from rhe PES data for [Ru(bpy)2(CNRjz}2* species in the Ru(II:I.
region.37 Note that valence bond ccntriboticns of the CNR(1-) canonical ferm will
shift positively all metal d orbitals, nct just the HOMC. [ndeed Fombeiro, Pilckers
and Kichards®*4 had previously noted the variaticn in the FFLC parameter for
150 1fr¢1¢\ in varisus ~omplexes and suggested that bent isonitriles should have = ©
value (eygn.Z; approximately C.3 volts larger than s linear igscnitrile. K ray
stouctaral data show significant variations in bond anglez for coordin: iSonl
groups: thus the actual correcticn may vary from one set of complexes ho ansTher.

It does not seem necessary to use this rather more ocomplex fFitti ediny
any otner ligand yet studied.

A value tor the macrocvele TPP can be derived from rutherninm data (Table 1
This :orre ds to ¢ six coordinate metal-in-the- e species. lUsing this nurber
This :orresponds %o = six coordirate metal-in-the-plar pecies. lsing th i
the six coordinate LoFeiI1(TFP) species lie close to their correlation lire for

o
(LS)Fe(III /(LS )FP(*I‘ (Fig.8) (they apparently have the same slope) and a slight
adlustment for Eo{TrP. due to the relative sizes of Ru(Il) and Fe(II) and the fixed
macrocycle hole size, would place them on the line. However the corresponding
L2Cr(IIYTPP) species (spin state of L2Cr(I1I;TPP is unknown) lie 2ff both the low
spin and high spin octahedral Cr(ll) correlation lines (Fig.4) perhaps for reasons of
hole size, or possibly because the correct correlation line has not been identified.
The slope for the L2Cr(TPP} data is relatively low {(Table 2) indicating that the
Cr(IIly-L bond does not significantly favour Cr(II1) over Cr(II) in the TPP
environment .,

The nitrosyl ligand offers especial interest since the contribution depends
npon the amount of charge transferred thereto and hence upon the metal core; it wil
be discussed elsewhere.38 Water, as a ligand, yields a somewhat variable Ep value
near J in the range -0.05% -- +0.1. The contribution »f water likely depends upnon how
dry an organic solvent 1s and whether there are any hydrogen bonding species arcurd.
In water the ErL(H20) value will depend critically upon pH. In coordinating organic
solvents the water molecule may be partially or wholly solvolysed, adding a
cemplicating factor. DMSQ is poorly behaved vielding a variety of En values spanning
ca .4 - 0.55. This may be a consequence of variable 5 or O coordinate binding. The
hivdride lon usu=2lly gives rise to irreversible redox processes but its Eu value mav
be estimated to lie near -0.&5; the PPLC value of -9.3V is likely somewhat
Iow.

Summary: The availability of Ei parameters allows one to:-

a2) predict the redox potential of a given metal couple when its structural and spin
state information are available. For example, in a complex voltammogram this will =i:o
in redox couple assignment;

b’ predict the structure and spin state for a metal complex based upon fitting i's
observed redox potential to a previous correlation;

c) allow one to calculate the thermodynamic value for a redex couple when kinet:ic
effects or coupled chemical reactions. etc. prevent it from being experimentally
derived;

1% design 3 metzl complex to have a specific redox potential. With further
development, correlations with other properties such as infrared stretching
frequenries, photoelectron binding energies, certain rate constants,8.38.40-42 -hapge
tranztfer tracsition energiesls.24.43.44 ato can be included. Thus molecules havirg s
range f characteristics can be designed using a procedure based upon EL valurs:

e provide bonding (synergism, non-innocence ete) or structural informatiosn whers =
wredicted valie disagrees significantly with the experimental value;

f provide a omeans of lesigniing metal complexes with specific excited state redex
potentials, through analysis invelving ground state =lectrochemical predicted
Arersies and exnited state transiticn energies;
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g) provide a means of evaluating solvation energies, especially aguation Hner;LF;;
h) through detailed understanding of the slopes and intercepts. provide additi-nz!
insight in to the nature of the metn i

[

fo
5
g

L

bond.

To learn exactly how genera! is this approsch FPH ires considerable furcher ds3ts
=valuation especially with data sets involving o* redox crbitals Reade with
extensive elecirochemical data sets are invited tn advise the author for inolasion in

future EL studies.
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Table 1 Ein Parameter Values, vs NHE

Ligandze

tn
ial

':I’

-
I

=

1,10-Phenanthroline(1,10)Y {187 U. 28 res
1,10-Phenanthroline, 2,9-Dimethy (Z,d-diMecphen: .20 fes]
1. lU-Phenanthroline. 4,7-dimethyi (4,7-diMezphern 0.23 L2250
1.10- p“enan:hroline—S.S—dione {phendione) 0.28 r4e87
1,1,1.5,5.5-hexaf laoro-2.4-pentanedionato (hfac) (1-) c.17 (4r]
1,1, ., -tritluore-2,.4-pentanedionate (tfac) (1-) 0.0Z r4g1
1,1-tis(Diphenylarsinomethane (PDAY 0.35 !
1,1-bis(Diphenyliphosphino imethane (dppm) .43 {477
1.2-bis Dim=thylphosphino ethane ¢.28 PPL, (123
1, 2-biz(Dimethylphosphine henzene (Diphes) 1.3 r4s7
1,2-kis(Dimethylarsino sbenzene 0.30 743]
1,2 blstblphanylarclro‘bpn¢°n° (diars) J.34 (23]
1,4-bis(Diphenylphosphino )benzene (ophenPPhz) 0.45 (Os),[44]
1,2~-bis(Uiphenylarsinoethane (Fh2AsCCAsPhz) .44 (Osy, [44:
1,2~bis(Diphenylphosphino)acetylene (ADP) 0.46 23]
1,2-bis(Diphenylphosphinnethane (Ph2aPCCPPh2) (dppe) (0.38 23]
1,2-bis(Diphenylphosphino jethene-cis (Phz2PC=CFPhz) 0.49 {47]
1,2-bis/Diphenylphosphino)propane (FPDP) 0.42 [47)
1,2-bis(Ethylthio)ethane 0.32 {47]
1,Z2-bis(Methylthio)ethane 0.353 [477
1,2-bis(Phenylthio)ethane 0.36 [47]
1,2-Dilaminc-2-methyl-propane g.11 23]
1-{2-Pyridyl-3.5-dimethylpyrazele {Pydipy: 0.23 [23]
1.2,4,-Triaz312,(2.3,5-tri-2 -pyridyl) 0.29 [23)
1.3-Diphenyl-1,3-propanedionato (1-) (dbmo; -2.04 14€]
1.4,5,8- T:*”azaphpnantnrene 0.36 [23]
1-FPhenyl-1.3~butanedionato (1-} (bzac) -0.06 [46]
1-Ph nyl -4, 4,4.—Lr1rluoro 2,4-pentanedicnato (bztfo) (1-7 0.0¢ [46]
1.4-his(4d-pyridyl . .ethane (BPA; 0.2 (23]
v —Blpyr;dlne {94} 0.253 [&3]
2.2,6.8. -tetramethyl-3,5-heptanedionato (dpmo) {1-) -0.13 [46)
2,2 -Eipyrazine {8} {bpz) U.38 23]
2.2 -Bipyrazined (1+) 3.75 [23]
2,2-Bipyridine, 4,4 -dibromo (4,4-BrZbpy) 0.28 [25]
2,2-Bipyridine, 4,4-dimethyl (4.,4-Mezbpy’ .23 {23]
Z,2-Bipyridine, 4,4-diphenyl J.23 [23]
2,2-Bipyridine, 4-methyl,4-vinyl 0.223 23]
Z,z-Bipyridine, 4-nitro 0.30 1257
Z2.Zz-Bipyridine, 5,5-dimethyl (5,5-Mez2bpy) 8.23 red]
~—f’—pyr1dyl)qu1nollne (PQ) 0.25 23]
2. 4-pentanedicnato (1-) (acac) -3,08 [23,48,4:-]
Z—methylthioquinoline 0.30 (47]
3 -biisoguinoline (big) 0.24 [23]}
5.4 -bis(Methylthiojtoluene 0.38 477
.B.9, trithiaundecane 0.34 (o0t
Y—aminw l-propene .13 23]
-bromo-2, 4 -pentanadionate (1-) 3-Braca~ -0.33 rail
t—*hiﬂr JA-pentanedionato 1=y (3~Clzcac) -3, 03 tS1]
-lodo- h,4 pentanedionato (1~ {(3-Iacac) -13.93 et
S-methyl-2,d-pentanedionato (1) < 3-Meacac) -1l IS
v-Fhenyl oL d-pentanedionato (1-) (3-FPhacao) -0 =0
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4-cyanopyridine-Ru(NH3)5 (2+: ).33 {s21
4-methoxyphenylcyanide 0.e0 ras
4.4 -Bipyridine (4,4bpy) g.zv T23s
4,4 -bithiazole (btz) SR 23]
8-hydroxyquinolinato (1-) -0.049 P53
3-methylthioquincline 0.3 23]
Acetonitrile [lu) .34 237
Acrylonitrile (ECN» .38 (233
Ammonia 0.07 £23,27
Azide (1-) -0.20 (232
Benzohydroximato, p-methoxy {(2-: -C.54 'H4]
Benzohydroximatc, p-nitro (Z-} -J.50 7547
Benzohydroximato, (2-1 -0.52 (54
Benzoisonitrile 3.41 [22]
Benzoisonitrile, 2.85-dichloro 0.4€ PFLC
Benzolsonitrile, p-chloro C.28  PrRLC

{

Benzoisonitrile, p-methoxy .38 PPLC,[37]
Benzolisonitrile, p-methyl G.27 PPLC
Benzyiamine (PMA) .14 122]
Benzylisonitrile 0.58 [37]
Binapnthyridine (binapy) (#) 0.27 [55]
Bipyridazine 0.30 [23]
Bipyrimidine 0.31 [23]
Ripyrimidine(4,4-Me2) 0.24 [23]
Biquirnline (big) {17} 0.29 [55,57]
Bis(4-pyridyl)acetylene Q.27 23]
Bis-alkyl-1,3-diazabutadiene 0.13 (CrC0Y, {87
Ri-benzimidazolato (1-) -0.03 [58)]
Bi-benzimidazolato (2-) ~-0.18 (58]
Bi-benzimidazole (PiBizim) 0.17 [58]
3i-imidazole (BiimHz) .13 527
Bromide (1-) {5} -0.22 {23]
Butane(n) thiclate (1-) ~3.85  [54]
Butylamine (BA) 0.13 [23]
Butyronitrile (PRZ) 0.3& 23]
Carbon monoxide (CO) 0. g9 (23]
Chloride (1-) {43} -0.24 {233
Cyanate (1-) -0.2 FFLC
Cyclam ([14]aneNa) 0.10 (Agy. 60
Cyanide (1-) {86} J.02 {25,613
Cyclohexylisonitrile 0.32 PPLC
Diethyldithiocarbamato (1-) -0.08 [23,82]
Diethylsulphide {6} 0.35 [47]
Dimethyldithiocarbamato (1-) -0.12 [23]
Dimethylglyoximate (1-) 0.01 [53]
Dimethyl Dimercaptomaleato (2-) -G.47 159]
Dimethylphenyiphosphine (MMP) 0.34 [23]
Dimethylphosphine 0.34 PPLC
Dimethylsulfide .31 [47]
Dimethylisulphide .32 [47)
Dimethylsuiphoxide (DM3Q {8 o#) .47 (47 50,85]
Linltrogen g.63 PELC
Di-2-pyridyl ketone (dpk; (8> UL Z2e (641
Di-Z-pyridylaminato (1-) (8) -3, 1% LBE]
Dil-Z-pyridylamine 0.13 [55]
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Ethanethiolate (1-) -, he Lo
Lthyl nitrite 0.70 [2:21
Ethylene 0.7 (Ag ., [ED
Ethylenediamine J.08 [25.27
Ethylnitrile {4} .33 23]
thylxantnato (1-) -J.ue 1237
Ylucride  l-0 -U.42 O SR K
Formate (1-) (For) ~1i,30 NS
gJiycine (i-) (glyc» -5 (23]
Hydride (1-) -C.30 PPLC
Hydroxide (1-: -2, 54 BeLC
imidazole L1 oKy
Imicazoie, 4-viny: 0. 14 [asn
Imidazole, N-methyl (Melm) 0.8 (23]
Iodide (1-7 -(J.24 [257
{sonicotinamide «(isnaj 2. 26 CAgQ), [od]
isonitroscproplophencnato ¢ 1-) 0.0l r23]
i-Propyi nitrite u.g8 1233
i-Propylamine 0.08 [23]
i-Fropylisonitrile 3.726 PPLC
Maleonitriledithiolate (2-) {(mnt) -0.33 {59]
Methyl nitrite .72 (257
Methyldiphenylphosphine (MPP) 0.37 [23]
Methylisonitrile 0.37 PFLC
Methylphenylsulphide 0.33 [47]
Napthyridine 0.24
Nitrate {(1-) {8; -0.11
Nitrit=s 1-) 0.0z2
Nitrosoniam (1+) (NO)» {8} (#) -J.52
Norbornadiene 0.4
n-Butylisonitriles .48
N-butylsalicylaldiminato {(1-) 0.48
N-Methy . Benzohydroximato, p-methyl (1-» -iJ.22
N-Methylkenzohydroximato, p-nitro (1-) -0. 18
N-methylpyrazinium (NMePyz) (1+) .75
N-methylpyridinium, 4-cyano (1+) (#) -0.17
N-methyl-(2-pyridyl)-imine {(pymi) .27
Octaethylporphyrin (CEP)_ (2-) (metal in plane) -0.07
Oxalate (2-) -, 17
s-Acetylphenolate (1-) -0.07
.-Propionylphenolate (1-) -0, 10
Pentafluorothiolato (1-) -U. 3
Ferchlorate (1-) .06
Pherol, 2-benzimidazolato (1-) -0.20
Phenol, Z-benzimidazolato (2-) ~0.35
Phenylcyanide 0.37
Phenyleoyanide, 3$-cyano .43
Phtenyloyanide, 4-chloro .40
Fhenvieyanide, 4-oyanc J.4S
Phenylcyanids, 4-methoxy .38
Prenyicyanide, d4-metihyl .37
Folvvinylimidaznie 1l
Fvridaz.one  cpydi LR
Fyrazine ‘pyz) 5% SR
Fyrazine, S O=idi-Z2-pyridyl  cdpypyoy o# 0.5z

—
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Pyrazole

Pyrazole

Pyridine

Pyridine,
Pyridine.
Fyridine,
Pyridine,
Pyridine,
Fyridine,
Pyridine,
Pyridine,
Pyridins,
Pyridir=.
Pyridine,
Fyridin=.
Pyridine,
Pyridine,
Pyridine,
Pyridine=

Pyridine,
Pyridine,
Pyridine,
Pyridine,
Pyridine,
Pyridire

Fyridine,
Pyridine,
Pyridine,
Pyridine

Fyridine,

waJwr
Fyridine,

bFyrimidire

(1-1
(24}

—aminoethyl
2-sminomethyl
Z-penzimidazolato
Z-tenzimidazolyl
Z-imidazclyl
~-isoguinolyl
“-Phenylzaze
s-quinnlyl
Z-toluvlszo MeAzEy
2-12 -napthyrildine?
3,5-dichizre
3,5-dimethyl
S-aminocethyl
3-carboxamico
2 -iodo
4-acetyl
4-aldehydo
4-carboxamido
4-carboxylic acid
1-Chloro
d-cyano
4-cyano {(nitrile bonded)
d4-methyl (4d-pic)
4-FPhenyl
d-styryl
4~trifluoromethyl
d-t-hiat yT
d-vinyl {8}

poly(4-vinyl)

(pyrim

(1=

(AzFy

'V PYP)

Hy*lmldlnp H (1+)

ryrrolidinecartwd

ithionato (1-»

p-Chlrothiochenolate (1-)
p-Methylth.ophenolate (1-)
p-Toluensthiolate (1-)
p-Tslucl-sulfonate (1-)
Salicylaldehyde (1-)
Splpnohyaﬁafe (1-)

Uipyridof 3,

Z2-c:2°,3 -elpyridazine Taphen)

Tav;yr1d~ne {16}

Tetrahydrothiophene
Tetraphenyivorchyrin (TPPY 12— imeta.l
Tetraaza marrocyole (TZ:®
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Thiophensiato [ 1-

Th Lnlrea
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Triszcie. 1 2,4 30 5-bhis pyridin-zZ-viy (1-
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Triazole,1.2,4 (1-)
Triethylphosphine
Tr*f1unroahetate (1-
Triflucrosualfonate ¢
Frlmefry‘“hosphiﬂe

T
j

(TFA)Y

r:pn~uyLﬂHWbpk1n~
Triphenylphesphite

Triphenylstinine
Tritolylphosphine (MeF
Tri-n-gutyiphosghine
ri-r-propylphosphin

\1‘

< U =diamminocyoiohexans
t-i.Z-bisvd-pyridyl ethene (BPE)
+ -

.

1
o
_in [
S
A

- g =
fold Lo
o34 Capg!
NE e
Y fo.
. L ‘
Lo

i L e

"'.l.v.u.)‘

P

2w

.04

Footnorez: s> The number 1n round brackets 13 -he net charge on the ligand; the letter
cavie i rounet orackets is the abbreviation used in the Appendix and in ref . [Z3]; Most
Adm*ta were Jerived Srom opotentials ctserved with 1-3 compounds - numbers in braces show
whers more than © compounds were ueed and the data averaged. The (8) =ign means that ol
T datum iz somewhat variable from one oomplex to another.
' X Comean that the data wers derived rrum osmium, ISR
Qi wnmine dats : Tl
AR
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Table 2 Slope and Iatercept Data?, Volts vs NHE

Slope Intorcspt Regress.b #€ Solvent
/SD /SD

Chromium Cr(1II)/Cr(II)(LS) 1.18/0.06 -1.72/0.15 U.98 18 Organic
Chromium Cr(IIL)/Cr(II)(LS) 0.575/0.04 =1,12/0.05 0.98 8 Water
Chromium Cr(II1)/Cr(IL)(HS) 0.84/0.05 -1.18/0.09 0.98 14 Organic
Chromium Cr(I)/Cr(u)e 0.52/0.02  -1.75/0.1-  0.97 39 Orgaaic
Iron Fe(II1)/Fe(II)(LS) 0.68/0.02 Ue24/U.04 U.99 24 Warter
Iron Fe(111)/Fe(11)(LS)€ 1.10/0.05 —0.43/0.12 U.99 14 Organic
Iron Fe(IIL)/Fe(I1)(HS) U.89/0.04 ~J.25/0.04 0.99 8 Organic
Iron  Fe(ILL)/Fe(11){5cNiE  1.60/0.14 xkkx 8 G.99 5 Organic
Iron Fe(L1L)/Fe(1I1)[5CN]D 1.61/0.12 *kkkB 0.99 5 Organic
Ma:.Zanese Ma(IIL)/Mn(11){5CN] U.38/U.12f *kkkE U.85 6 Organic
Manganese Ma(II)/Ma(1)€ 0.81/V.02 -1.76/0.08 0.99 23 Organic
Molybdeaum Mo(1)/Mn(0) 0.74/0.03 =2.25/U.10 0.99 24 Organic
Niobium Nb(V)/Nb(1IV) 0.76/0.02 1.24/0.02 U.999 3 Organic
Niobium Nb(IV)/Nb(III) Ua75/0.01 -0.12/0.01 0.999 3 Orgaaic
Osmium Os(ILL)/0s(II) 1.01/0.02 -0.40/0.11 0.98 80 Orgaaic
Osmium Os(I11)/0s(1II) 1.61/0,U5 ~-1.30/0.11 .99 18 Wacer
Rhenium Re(IV)/Re(1I1) Ue85/0.05 U.50/0.13 U.98 18 Organic
Ruthenium Ru(LIL)/RuLI) 1.14/0.04 -0.35/0.09 0.97 44 Water
Tantalum Ta(Vv)/Ta(Iv) 0.85/0.03 0.67/0.03 0.998 3 Organic
Pickett/Pletcher 1.17/0.05 ~0.86/0.04 0.98 18
Ruthenium Ru(ILT)/Ru(ILl) XYZ 0.97/0.01 U.04/0.03 0.99 103 Organic

a) All six coordinate except where noted. b) Correlation coefficient.

c¢) Number of data poiats. d) Standard error in volts. e) See Table 3 for isomer f)
Tetrapheaylporphyria - metal out of plane. g) indeterminate intercept due to use of a
macrocycle core of wuncertaia E; value. h) from Octaethylporphyrin, metal out of
plane. SCN = five coordinate, LS = low spia, HS = high spin.
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Table 3 Contributions o th2 HOMO Jrtitsl wnergiez in lzonitri.e and
Caroony i r\ev'watlvDSst
"""""""""""""""""""" SV S
o r o0
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M(e 4 C 4
ticns for MOONR)x(J0Yy in columns 1,2 assuming that the isonitrile ligard
s the 4 wrhitals to 3 greater degree than carbon monoxide Corrscticrs ¢
in olumn 3 azsuming no interactilon by ligand L.
onrrectl for data in Table 2 (gee text for significance:: Jrol: Crid
18, MeNC, C.00, CC, 3018V, Mn(il)/Mn(l) - PRNC, U.31, MeNC, O.1%, v, 010y
il ne corrections applied. Fe{IIIl ./F=7/I1: - MeNC, .10V,
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Appendix A
Data presented in Figs.
All data referenced to NHE. Charges refer o that of the reduced species in the ~oaple,
though in many cases, the electrochemical observaticn may have been carried out on the

N

tulk oxidised species. The regression lines listed in Table 2. d¢ not recessarily
include all the points on a given Figure; outlying points have been omitted in some

cases.
References Complex Obs Calc. zEL
Fig 1 Data in Organic Solvent Ruthernium(III¥/Ruthenium( I}
(open circles:

£23] Ru(bpy )2(CHaCNNO ( 3+ 0.8 0.87 0.86
221 Rubnvya(CHaCNNO2z (149 1.41 1.28 1.40
[23] Ru(bpy )2(CHaCN )NOa (1+) 1.26 1.26 1.27
[23] Ru(bpy)z(Py)Na (1+) 0.82 0.84 0.83
[23] Ru(bpy)2(Py )NO= (1+) 1.3 1.30 1.31
[23] Ru(bpy j2(Py )NOs (1+) 1.1687 1.18 1.18
(23] Ru(bpy)2(4-t-BuPy)NOa (1+) 1.12 1.15 1.15
[23] Ru(bpy)2(4-vinylPyNO2 (1+) 1.275 1.26 1.26
[23] Ru(bpy)z(4-vinylPy )NO3 (1+> 1.15 1.13 1.13
[23] Ru(bpy »2(C1N0= .81 0.83 0.81
£23] Ru(bpy 32(C1)NOs3 0.89 0.70 0.68
[23] Ru(bpy)2(Py)CHaCN (2+) 1.8 1.61 1.83
{23} Ru(bpy )2(Py)CN (1+) 1.28 1.30 1.31
f231 Ru(bpy)2(Py)Cl (1+) 1.019 1.05 1.04
[23] Ru(bpy)2(Py)TFA (1+) 1.13 1.14 1.14
[23] Ru(bpy)2(4-AcPy)Cl (1+) 1.08 1.09 1.08
7231 Ru(bpy )2(4-viny1Py )CHaCN (2+) 1.53 1.57 1.58
[23] Ru(bpy)z2(4-vinylPyCl (1+; 1 1.00 1.00
[23] Ru(bpy)z(PyrinH>C1l (2+) 1.21 1.21 1.21
(23] Ru(bpy d2(PyrCl (1+) 1.12 1.12 1.12
[23] Ru(bpy )2(Pyr)INO2 (3+) 1.38 1.38 1.38
(233 Ru(bpy )=(BPAYC1 (1+) 1.01 1.05 1.08
{23} Ru(bpy 2(BPEC1 (1+) 1.02 1.06 1.05
£23)] Ru(bpy)2(MPP)YC1 (1+) 1.15 1.185 1.18
[23] Ru(bpy)z2(MeP)C1 (1+) 1.18 1.18 1.18
f23] Ru(bpy)2(PDP)C1 (143 1.15 1.21 1.21
[23] Ru(bpy }2(PPha)NO2 (1+) 1.48 1.43 1.43
[23] Ru(bpy)z(PPha)NOa (1+) 1.31 1.30 1.30
(4513 Ru(bpy)(phendione)z (2+) 1.87 1.64 1.65
[47] c-Ru(bpy)2(PhaMeP)C1 (1+) 1.15 1.165 1.16
[47] c-Ru(bpy)2(PhaP)Cl (1+) 1.18 1.17 1.17
[23] Ru(bpy)(Terpy)(CHaCN) (2+) 1.55 1.80 1.61
(23] Ru(bpy)(Terpy)(NHa) (2+) 1.41 1.35 1.36
[61] Ru(bpy)(terpy)(CN) (1+) 1.3 1.285 1.29
[79] Ru(bpyi(big)(4,4-Meabpy ) (2+3 1.54 1.536 1.54
(73] Ru(bpy)(bigi(phen) (2+) 1.59 1.57 1.58
[79] Ru(bpy)(big)(pg) (2+) 1.83 1.57 1.58
179] Ru(bpy)(big)(i-big) (2+° 1.53 1.55 1.5
[739] Ru(bpy)(biq)(BiimH2) (2+ 1.33 1.34 1.38
1793 Ru(bpy )Y big )X bipyrim} 2+ 1.7 1.69 1.7
[79] Ru(bpy)Y(big)(binapy) (2+* 1.51 1.4~7 1.49
7521 Ru(bpy(big)Clz 0.7 0.62 0.80
(807 RuCbpzy2(CHaCNYC1 (14 1.58 1.54 1.35
(8031 Bithpz)aCle 1.4 .38 0.97

———
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[81] Ru(bpz)=2Br= 1.03 1.00 1.02
{31] Ru(bpz)2(NO2)2 1.42 1.43 1.44
2 Ru(phen)2(CHaCN)2 (2+) 1.885 1.89 1.71
raz Ru(phen 2CN2 1.122 1.07 1.97
23] Ru(phenz(Py)z (2+) 1.518 1.52 1.53
{233 Kuiphen '2(4-vinyiPy)a (Z+) 1.49 1.48 1.4¢
23] FuipnernyziPyz 0L (1+) 1.1 1.12 1.11
23] Rutpher jo(naphthyridine) (2+) 1.51 1.50 1.51
[52] Rusphen2(FPyiz (2+) 1.815 1.52 1.83
res] Eu(phen)acen) (2+) 1.125 1.18 1.19
182] Fu(phen)2(Py)C1l (1+) 1.1045 1.04 1.04
(32] Ru(phen)z(acac) (1+} 3.875 3J.38 .87
r'sz] Ru(ptenjz(ox) 3,725 9.7 C.70
L] Ru{phen)aCiz U.97s 0. o8 B
[2%s) Ru(4d,7-diMezphen)2(PyzC1 (1+) 1.01 1.04 1.03
23] Ru( terpy )/ BPE s (Z+) i.47 1.51 1.52
133) Ruf terpy Y(Py)a (2+) 1.5 1.485 1.48
[ Rut terpy Y CHaCN)a (Z+) 1.73 1.75 1.76
ez c—-Ru(terpy )(CH3CN )2C1 (1+) 1.17 1.13 1.18
[33] t-Ru(terpy}{(Py)=2Cl (1+) 1.07 1.01 1.00
[33] Fa(terpy )(Py)2(CHaCN) (2+) 1.5 1.57 1.58
L83 Ru(terpy y(Py )(CHaCN)CLl (1+) 1.09 1.0935 1.08
83 Ruc terpy Y Py Y PPha)Cl (1+) 1.1 1.14 1.1
(23] Ru(pydipy y2(CHaCN)2 (2+) 1.6 1.55 1.568
23] Ku(AzPy)zBro 1.13 1.21 1.21
(23] Ru( AzPy)2Cla 1.205 1.16 1.18
{237 Ru(MeAzPy )eBra 1.137 1.21 1.21
23] Fu(MeAzPy )2Cl2 1.147 1.18 1.18
183 Ri{ TZ Y (CHaCN )2 1.29 1.2 1.24
R3] Ru(TZ2Y Py)z2 1.925 1.08 1.08
re3] F(TZ 3Py > (THaCN) 1.16 .15 1158
1BZ] Ru(TZ)(4.4-bpy)z 1.08 1.07 1.7
roe] Ratbig)eCla 0.72 3.69 .88
[ 5€] Rutbiq)2(PEt3)H20 (2+) 1.48 1.47 1.48
[e1] sua(bigyz(CN)2 1.17 1.2 .o
[84] m-Ru(Py)aCla 0.08 0.08 n.02
150 RuBr=(SMez Ya(DMS0) 1.085 1.08 1.U8E
[0l RuBrz2(5Et2)3(DMSO) 1.035 1.045 1.04
[a3] RuBra(SEtz)2(DMS0)2 C.98% 1.0 .49
r507] RuClz(SMez2 )4 0.8uas .81 0.a
[5:2] RuClz2(SEt2)a(DMS0O) 1.045 1.055 1.05
L 50] RuClza(SMez )2(DMS0O)2 0.945  0.98 J.935
[81] R DMCH Y2(CN )2 1.4 1.08 1,300
B8l Ru(i-big)2(CN)2 1.0t 0.99 AR=tC
f85] Fur terpy)(dppyz)C1 (1+) 1.18 1.14 11
o] Ry’ AzPy2(NadYe check 1.2 1.045 1.04
fue R ibpy 2 CHacN)CL (1+ 1.0 1.1 1.13
L2 Fulbpy2(NHa(NO2) (1+) 1.49 1.15 1.15
2. Fivbpy i2¢NH3 ) (NOa )y {1+ 3.4 1.02 1Lz
= t-Racterpy i(4-Piecy2Cl (1+) 1,42 1.01 1.0
=53 Lpcserpyiid-Ploia 1240 1.47 1.46 1.48
Ry i terpy Py ia(4-Pie: (24 1.47 1,47 1.47
Lo fuibpyyoblg s (PMeadcl 71+ 1.2 1,198 1.13
T Fidhpy o big )y PELa D {1+ 1.13 119 1.18
! BeobpyribigaFon -PrigCl (14 1.2 1,14 1.139
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Ru(bpy){big)(P(n-Bu)=)Cl (1+)
Ru(bpy)(big)(PPha)Cl (1+)

Data in Water
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Obs. Cale. ZEr NHE
Co l 0. 235 .93

FPha -0.35 -3.41 3.3¢9
CFalle- -0.73 -1.04 ~0. 18
CN- -1.4 -84 ULtz

FHCN 4.4 -0.43 0.37
Pheriazopy -0.37 -0.38 .41
bpz -.45 -7.44 .36
bipvrimid -¢.5 -0.50 J.31
bpy -3, 55 -0.56 J.2e
MeIN -0, 57 -3.47 3. G4
Py -0, 5% -G.57 C.25
biskhimidaz -i1.549 -3.635 SN
CFalPhAcAc- -1.765 -i). 50 0.0S
NH:3 —).77 -0.78 0.0Y
2n -3.773 =97 g.08

FhoAcAc~ -0.gs8 -0.82 ~0.04
NCS- -.388 -0.93 -0.055
MePHAcAc— -0.89 -0.835 -0.08
AcAc~ -0.31 -0.%6 -0.08

Br- -1.17 -1.12 ~3.22
Cl- -1.19 -1.15 ~0.24
azide- -1.26 -1.22 ~-0.3
Fig. = Data in Organic Solvent Osmium{(III)/Osmium(II)

Obs Cale. ZEn

-

.24 .14
.28 0.0
L3485 0.31
.39 0.30
J.45 0.36
.39 0.3z
.48 .47
485 0,48
.56 0.82
57 0.76
. 5e 0.64
.59 0.88
5¢ 0. 87
.B& 0,74
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{44] Qs(phen)Pys (2+)
(44] m-Os(opy)(PPhaMe)alCl (1+)
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Fig.4 Data in Organic Solvent
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Figure Legends

1. Plot of observed Ru(IIIl)/Ru(Il} potentials for RuXxYyZz complexes
against 2Er. Upper (open ¢ircles): measured in organic phase
solvent. are referred to left-hand Y axis. Lower (closed
triangles): measured in water, and referred to right-hand Y axis.
All data are vs NHE. None of the complexes here plotted were used
Lo derive Eo(LY welves, For a 1isting of the data plotted here and
in ’"brequenf Figures, =and for the relevant references, please see
Appendix.

- -

2. Plot of Picket/Fletcher ligand parameters against corresponding EooL:
vaiues,

W

. Plot of observed Os(IIT)/0s(II) potentials for OsXxYyZ= complexes
against 2EL. Lower (open circles): measured in organic phase
solvent, are referred to left-hand Y axis. Upper (closed
triangles)y: measured in water, and referred to right-hand Y axis.

4. Plot of observed Cr(III)/Cr(Ill) potentials in organic phase solvent,
against ZEr. The open sguares (upper right) represent six
coordinate, low spin (LS) chromium(II) species all of which carry a
net (2+) charge except for those indicated to carry (G) or (2-)
charge. The closed circles (lower left) represent six coordinate
high spin (HS) chromium(Il) species all of which carry a {(1-) charge
except for those indicated with (1+) or (2+) charge. The open
triangles (center left) represent six coordinate XYCr(TPP) species
({TPP = tetrasphenylporphyrin). In this figure and those which follow,
the charge refers to the lower oxidation state complex.

on

(Upper: Plot of cobserved Fe(111)/Fe(Il) potentials in water, for six
coordinate, low spin iron(Il) complexes asgainst IErL. The open
triangles represent net (2+) species except for those marked with
{3) or (2-) charges. The species represented by open circles all
carry (3-) net charge. The closed circle is a 4- charged species.
(Lower) Plot of observed Cr(III)/Cr(II) potentials in water, for
six coordinate, low spin chromium(II) complexes against SEL. All
species carry a (2+) charge except for the (4-) species as
indicated.

6. Plots of observed Fe(Ill)/Fe(Il) potentials in organic phase
solvent, against 2En. Upper righf: low spin (LS, both Fe(III) and
Fe(Il)y complexes; the filled triangles represent a range of (2+)
species except where otherwise indicated. The filled circles are
Fe(DMG-BF2)XY species (see text). The open circles are LaFeTPP
species (see Text). Lower left: (Open triangles), high spin (HS,
hoth Fe(IIl)y and Fe(Il)) six coordinate complexes of (1-) charge.

7. Plot of the Mn(II)/Mn(I) potentials in organic phase solvent for
a variety of organometallic, six coordinate, manganese speries,
versus ZErL.
Upper data get: (Right-hand Y axis) Raw ZEL data uncorrected for the
specific isomer involved. Lower data set: (Left harnd Y axis) An
isomer correction for carbon monoxide and isonitrile ligarnds is
ineinded. The open circles are carbonyl complexes which do not
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contain an isonitrile ligand. The closed circles are complexes whinh
do contain at least one isonitrile ligand.

8. Lower data set: (Left hand Y axis. oper circles) A plot of the

3.

10.

Cr(I)/Cr(0) potentials in organic phase solvent for a variety of
organometallie, 3ix coordinate, chromium species, versus ZEL,
including an iscmer correction for carbon monoxide or isonitrile
ligands.

Upper data set: (Right hand Y axis, closed triangles) A plot of the
Ma(I)/Mo( () potentials in organic phase solvent for a variety of
srganometallic, six coordinate, molybderium species, versus YEL (not
1somer corrected, see text).

Plots of redox data for six coordinate Nb(VY/Nb(IV) (upper, open

squares), Nb(IV)/Nb(III) (lower, open squares), Ta(V)/Ta(IV) (open
circles), and Re(IV)/Re(III) (open triangles) versus ZEi, ac
annctated.

Plots of some redox data for five coordinate macrocyclic species
versus 2EL, as annotated. XFeTPP (open triangles); XMnTPP (open
circles); XFeQOEP (closed triangles). (OEP = octaethylporphyrin).

y
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